Reduced knee flexion is a leading feature of post-stroke gait, but the causes have not been well understood. The purpose of this study was to investigate the relationship between the knee flexion and the lower-limb muscle activation within the stance-to-swing phases of gait cycle in the post-stroke hemiplegic patients. Ten stroke patients and 10 age-and gendermatched healthy subjects participated in the experiment. The lower-limb kinematic signals and the surface electromyography (sEMG) signals of the left and right rectus femoris (RF), biceps femoris (BF) and lateral gastrocnemius (GS) were recorded during walking. The angle range (AR) of knee flexion, the root mean square (RMS) and the mean frequency (MNF) of sEMG signals were calculated from the terminal stance (TSt) to the initial swing (ISw) phases of gait cycle. Stroke patients showed lower bilateral AR of knee flexion and lower RMS of GS on the paretic side, but higher MNF of RF on the non-paretic side compared with the controls. Within the stroke patients, significant differences were found between their paretic and non-paretic limbs in the AR of knee flexion, as well as in the RMS and MNF of GS (p < 0.05). Regression analysis showed that the RMS of BF, MNF of BF and MNF of GS explained 82.1% of variations in AR of knee flexion on paretic side (r 2 = 0.821).
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Introduction
Recovery of locomotion ability is a primary goal of post-stroke hemiparesis rehabilitation. The abnormal gait after stroke is characterized by reductions in stride length, movement speed, muscle power and joint range of motion [1] [2] [3] . Although all the lower-limb joints could be affected by stroke, the knee would be more vulnerable than the others. The peak knee flexion in the swing phase of gait usually drops off, recognized as the stiff-knee gait, which is a common abnormality associated with stroke. No consensus has been reached regarding the pathophysiology of stiff-knee gait. Over-activation of quadriceps muscle during the swing phase has often been mentioned [4] ; while other factors, such as the hip flexor weakness and ankle plantar flexor hyperactivity at the terminal stance phase, may also make a contribution [5] . Identifying the contributors to the stiff knee may facilitate to find more efficient rehabilitation strategy for post-stroke gait.
Among the muscles surrounding the knee, the rectus femoris (RF), gastrocnemius (GS) and biceps femoris (BF) are representative muscles responsible for generating appropriate range of motion. The RF prevents excessive knee flexion, and the BF and GS contribute to the knee flexion during swing of healthy gait. However, roles of these muscles in the post-stroke stiff knee are still controversial. Abnormal excessive activation of RF has been extensively observed in the post-stroke hemiparesis patients and is considered as a primary cause of stiff knee [6] . Some other studies showed that a transfer surgery or a botulinum toxin injection could lower the over-activity of RF, accompanied by the knee flexion improvement during swing [7, 8] . However, Knuppe et al reported that the RF activity during swing phase was not associated with stiff knee after nerve injury [9] . Decreased GS contraction has been found on the pre-swing stage of post-stroke gait, suggesting lowered muscle activation at the initiation of knee flexion during walking [10] . Studies on turning walking in post-stroke patients reported that the insufficient BF activation was associated with reduced knee flexion [11] . These studies revealed that multiple muscles, e.g. the RF, GS and BF, could be associated with the stiff-knee gait in post-stroke patients. However, little is known about how these muscles collectively work for knee flexion in post-stroke gait.
The normal and abnormal muscle activation can be assessed using the surface electromyogram (sEMG). The amplitude of sEMG reflects the recruitment and discharge rates of the active motor units and serves as an index of neuromuscular function. The higher sEMG amplitude indicates a more intensive muscle contraction. The spectral frequency of sEMG correlates with average conduction velocity and has been used to evaluate type I and II muscle fibers activation and the recruitment of motor units during muscle contraction [12] . Altered amplitude and frequency characteristics of sEMG signals has been observed in RF, BF and GS of poststroke patients. For example, Boudarham et al found that the botulinum toxin injection in the RF could reduce the amplitude and spectral frequency of sEMG and could improve the knee flexion in the hemiparesis gait following stroke [13] . Li and Hong found when stroke patients took negative-heeled shoes during walking the sEMG amplitudes of GS and BF increased, accompanied by greater knee flexion [14] . Other studies reported that it was the GS but not the BF that exhibited reduced sEMG amplitude and frequency with decreased knee motion in post-stroke gait [15, 16] . These studies inspired us that to further examine the amplitude and frequency information underlying the sEMG signals of the involved muscles would help better understand the causes and solutions of stiff-knee gait in post-stroke patients.
The purpose of this study was to investigate the relationship between lower-limb muscle activation and the knee flexion during gait in the post-stroke hemiparesis patients. Effects of stroke were assessed on knee flexion and amplitude and frequency parameters of sEMG signals from the RF, GS, and BF contractions during walking. We hypothesized that the post-stroke patients would exhibit higher amplitude and frequency parameters in RF, but lower values in GS and BF on their paretic side than the non-paretic side, as well as than the healthy subjects. We also hypothesized that reduced knee flexion would be associated with simplified intermuscular coordination in the post-stroke gait.
Methods Subjects
Ten stroke patients (4 females and 6 males, age: 49.6 ± 12.9 y) and 10 gender-and age-matched (50.0 ± 13.2 y) healthy subjects participated in the experiment. The sample size was determined by a power analysis. The subject characteristics are shown in Table 1 . The patients were recruited from the Department of Physical Medicine and Rehabilitation, Qilu Hospital, Shandong University from July 15th to July 27th, 2015. All the patients had been clinically diagnosed with first-ever stroke that occurred within 8 months. Both the patients and healthy subjects were able to walk at least 10 m independently with normal or correct-to-normal vision. The individuals with history of musculoskeletal injuries on their lower extremity, cervical and lumbar vertebra disorders, cardiovascular diseases, or tumor, cognitive difficulty and severe malnutrition were excluded. All subjects gave their written informed consent following the protocols approved by the Institutional Review Board of Shandong University after receiving detailed explanation of the purposes and potential risks of the experiment.
Experimental set-up
A three-dimensional (3-D) motion capture system (BTS Bioengineering Corp, Italy) was used to obtain the gait kinematics. Six cameras measured the 3-D positions of 17 retro-reflective markers. The markers were affixed to the surface of the lower-extremity following the protocol of Davis R.B et al. (Fig 1C) [17] . Muscle activation during walking was synchronously recorded using a wireless sEMG system (BTS Bioengineering Corp, Italy) (Fig 1A and 1B) . The electrodes of the RF were positioned at 50% on the line from the anterior spina iliaca superior to the superior part of the patella (Fig 1A) . The electrodes of the BF long head were positioned at the midpoint of the line between the ischial tuberosity and the lateral epicondyle of the tibia ( Fig 1B) . Electrodes of the lateral GSs were attached at 1/3 of the line between the head of the fibula and the heel (Fig 1B) . The kinematics signals were recorded at a sampling frequency of 200 Hz, and the sEMG signals were recorded at 1000 Hz. All relevant data are within the paper and its Supporting Information files (S1 Dataset and S1 File).
Test protocol
All subjects were asked to walk a 3-m distance at a comfortable speed with their own shoes. Before walking the subject stood at a starting line waiting for command. After hearing the command, the subject walked straightly towards the finishing line. Each subject performed 10 trials with 1-minute rest between trials. Each subject was allowed to practice once or twice to be familiarized with the testing protocol.
Data analysis
The knee joint angles and the sEMG signals from the paretic side of a representative stroke patient are depicted in Fig 2. The knee joint angle in this study was defined as the angle formed by the line passing through the greater trochanter and the lateral epicondyle of femur, and the line passing through the lateral condyle of tibia and the lateral malleolus of fibula ( Fig 1C) . The angle range (AR) of knee flexion was the difference between the maximum and the minimum knee joint angle between the terminal stance (TSt) phase and initial swing (ISw) phase of a gait cycle (Fig 3) . The gait trials with shielded markers were excluded, leaving 5 trials each subject for the following analysis. The bandpass width of sEMG signal was 10 Hz-450 Hz, the decibel was 50 dB and the common mode rejection ratio was less than 750 mV RMS. The sEMG signals were not normalized to the peak sEMG amplitude during the gait [18] . The paretic and non-paretic sides of the healthy subjects are determined in accordance with their paired patient. For example, if one patient has left-side paralysis, then for the paired healthy subject the paretic side is the left and the non-paretic side is the right, and vice versa. The amplitude of sEMG signals of the RF, BF and GS was quantified using the root mean square (RMS). The RMS is calculated as:
where the e(i) is the amplitude of the sEMG signal at each time point i, and the n presents the number of sampling points (i.e. the product of sampling frequency and time length) of sEMG signals.
The sEMG frequency characteristics were estimated using mean frequency (MNF), which is defined as:
where the f s is the sampling frequency of the sEMG signal, and the P(f) is the power spectral density of the sEMG signal. The MNF is the mean frequency value of the sEMG spectrum. Short-Time Fourier Transform (STFT) was used to compute the time-frequency spectrum based on which the MNF was calculated. Considering the instability of sEMG signals, a shifting-window technique was used in the STFT, with the window width 30 ms and the shifts as long as 15 ms. The parameters were calculated using MATLAB 2014a (The Mathworks, Natick, MA, USA).
Statistical analyses were performed using SPSS 20.0 (SPSS Inc., Chicago, IL). Data were compared across the following three groups: (1) the paretic and (2) non-paretic sides of stroke patients, and (3) the controls (only the paretic side was selected). An independent t-test was applied to examine the differences between the stroke patients and controls. A paired t-test was used to examine the difference between the paretic and non-paretic sides of the stroke patients. No interaction was considered across these t-tests. Correlation analyses were performed between the sEMG parameters (RMS and MNF) of RF, GS and BF and the AR of knee flexion, respectively, on the paretic and non-paretic sides of patients and the controls. A stepwise multiple linear regression analysis was applied to find the associations between the AR of knee flexion and the RMS and MNF of RF, GS and BF for the paretic, non-paretic and control groups. A p-value of less than 0.05 was considered statistically significant.
Results
Statistical analysis showed that the stroke significantly affected the knee flexion of gait (Fig 4) . The AR of knee flexion were 27.58˚± 14.30˚and 45.72˚± 12.78˚on the paretic and nonparetic sides, respectively, for the stroke patients; and 60.57˚± 4.82˚for the controls (Fig 4) . Significant differences were observed between the paretic and non-paretic sides (t = 4.098, p < 0.01), between the paretic side and the controls (t = 7.331, p < 0.001), and between the non-paretic side and controls (t = 3.439, p < 0.01, Fig 4) .
Results of the RF, GS and BF contraction magnitudes during knee flexion are shown in Fig  5A. The GS of the paretic side showed significantly lower RMS than that of the non-paretic side (t = 3.635, p < 0.01) and the controls (t = 3.738, p < 0.01) (Fig 5A) . No significant difference was observed in the RMS values of GS between the non-paretic side and the controls (p = 0.296, Fig 5A) . Neither the RF nor the BF showed significant difference in RMS between the paretic and non-paretic sides (RF: p = 0.339; BF: p = 0.064), between the paretic side and the controls (RF: p = 0.087; BF: p = 0.314), or between the non-paretic side and the controls (RF: p = 0.067; BF: p = 0.357) (Fig 5A) .
Results of MNF for the RF, BF and GS are shown in Fig 5B. The MNF of RF on non-paretic side was significantly higher than that of the controls (t = 2.495, p < 0.001, Fig 5B) . No significant difference was found in MNF between the paretic and non-paretic RFs (p = 0.640) or between the paretic RF and that of the controls (p = 0.053) (Fig 5B) . The GS of the paretic side showed significantly lower MNF values than that of the non-paretic side (t = 2.495, p < 0.05, Fig 5B) . No significant difference was found in MNF of GS between the paretic side and the controls (p = 0.081) or between the non-paretic side and the controls (p = 0.883) (Fig 5B) . Results showed that the stroke did not affect the MNF of BF (Fig 5B) . No significant difference was found in the MNF of BF among the paretic, non-paretic and control groups (paretic vs. non-paretic: p = 0.313, paretic vs. control: p = 0.804, non-paretic vs. control: p = 0.65) (Fig 5B) .
The Fig 6 exhibits correlations between the muscle activities and the AR of knee flexion on the paretic, non-paretic and control groups. The AR was positively correlated with the RMSs of RF (r = 0.295, p < 0.05, Fig 6A) , BF (r = 0.407, p < 0.01, Fig 6B) and GS (r = 0.684, p < 0.001, Fig 6C) on the paretic side of the patients. Neither for the non-paretic group nor for the control group had positive correlations between the RMSs of the muscles and the AR ( Fig  6A, 6B and 6C ). For the BF of healthy subjects, the RMS (r = -0.363, p < 0.05, Fig 6B) and MNF (r = -0.364, p < 0.01, Fig 6E) of BF showed negative correlations with the AR. No similar correlation was observed between the RMSs of BF and AR (Fig 6B) , or between the MNF of BF and AR (Fig 6E) in stroke patients. Both the RMS (r = 0.684, p < 0.001, Fig 6C) and MNF (r = 0.683, p < 0.001, Fig 6F) of paretic GS were positively correlated with the AR. By contrast, no significant correlation was found between the RMS of GS and AR (Fig 6C) , or between the MNF of GS and AR (Fig 6F) in either the non-paretic or the control group. The AR was correlated with the MNF of RF (r = 0.287, p < 0.05, Fig 6D) on the non-paretic side of patients. However, no significant correlation was found between the MNF of RF and the AR in either the paretic or the control group (Fig 6D) .
Results of regression analysis are shown in Table 2 . For both the non-paretic group and the controls, all the sEMG amplitude and frequency parameters, including the RMS and MNF of RF, BF and GS, were selected as predictive variables to the AR of knee flexion. Totally 65.6% and 45.2% variations of AR could be predicted by the variables for the non-paretic group and the controls, respectively. By contrast, for the paretic group only three sEMG parameters-the RMS of BF, the MNF of BF and the MNF of GS-had been selected by the stepwise regression as predictive variables to the AR. The three variables could explain 82.1% variations of AR for the paretic group (Table 2) .
Discussion
This study investigated the knee flexion and the amplitude and frequency features of the RF, BF and GS activations and the multiple lower-limb-muscle coordination during the stance-toswing phases of the gait cycle, by comparing the performance of stroke patients with that of the gender-and age-matched healthy individuals. The effects of stroke on the AR of knee flexion and on the RMS and MNF of RF, BF and GS between the TSt and ISw phases of gait were examined. Correlation analyses were used to identify specific lower-limb muscle activation with the range of motion of knee during the stance-to-swing phases of gait. The associations between the RMS and MNF parameters of the muscles and the AR of knee flexion were tested using a stepwise multiple regression analysis. Results demonstrated that stroke lowered the knee flexion of the paretic and even the non-paretic sides in comparison of the healthy subjects (Fig 4) . The stroke possibly affected the contraction of GS, considering the GS of paretic side showed significantly lower RMS and MNF values than that of the non-paretic side (Fig 5) . In addition, results showed that fewer muscle parameters could explain more variations of AR for the paretic group compared to the non-paretic group and the controls, suggesting a simplified muscle coordination following stroke (Table 2 ). These findings confirmed our hypothesis that it would be the multiple muscles' coordination rather than single muscle contraction that should be responsible for the confined knee flexion of post-stroke gait.
The observation that knee flexion declined on the paretic side was consistent with previous findings from straight and turning gait of hemiplegic individuals [5] . The reduced knee flexion observed in this study was related not only to the ISw stage, but also to the TSt stage, highlighting the role of the terminal stance phase in knee kinematic control (Fig 4) . The reduction of propulsion and knee flexion velocity at toe-off on paretic limb could result in the decreased knee flexion during swing [19, 20] . In addition, this study found that not only the paretic but also the non-paretic limb showed impaired knee flexion. The insufficient knee flexion on the non-paretic side could be attributed to the exaggerated propulsion during pre-swing and shortened swing time to compensate for the weakened and torpid paretic limb [21] . The difference in knee flexion between two limbs could contribute to the asymmetric gait of stroke patients, which may further increase the deflection of the center of gravity and increase the risk of falling during walking [22] .
Despite a number of studies demonstrated that the confined knee flexion in post-stroke gait was due to the over-activation of RF [7, 8] , different opinion about the role of RF in post-stroke stiff knee exists [9, 23] . In our study, we did not find any effects of stroke on the RMS of RF though the knee had shown significantly reduced knee flexion (Fig 5A) . Instead, our study found an increase in the non-paretic MNF of RF compared to the controls (Fig 5B) . These findings suggested that the declined AR of knee flexion on paretic side in hemiplegia gait was not confined by excessive activity of RF. Patients would reduce swing time of the non-paretic side to avoid the single support of the paretic side, which led to the knee flexion insufficient. Therefore, the RF on non-paretic side recruited more muscle units in the TSt and the ISw phases to increase forward acceleration, implying a potential compensatory mechanism that maintains the functioning of paretic limb by increasing the firing rate of the non-paretic muscles [13] .
Results of the RMS and MNF also showed that the stroke affected the magnitude and frequency of the sEMG signals for the GS, but not for the BF (Fig 5) . Stroke led to decreased magnitude and frequency of GS, revealing atrophy of muscle fibers, lowered firing rate, weakened capacity of motor-units recruitment, reduced conduct velocity and muscle fatigue by hemiplegia for gait performance [15, 24] . The stroke-induced neuromuscular abnormity in GS may result in less than necessary propulsion at the pre-swing phase and thus generate debilitated muscle force for knee flexion during swing stage, all of which could impair the AR of knee flexion in gait [25] .
The RMS of RF, BF and GS was positively correlated with the AR of knee flexion only on the paretic sides of the patients (Fig 6A, 6B and 6C) , revealing that the confined knee flexion in hemiplegia gait is associated with decreased magnitudes of lower-limb muscle contractions [11] . The magnitude and frequency parameters of GS were positively correlated with the AR on the paretic side (Fig 6C and 6F) , which implies that the post-stroke stiff knee could largely depend upon the abnormal neuromuscular control of GS [25] . Both the RMS and MNF of BF showed significant correlations with the AR in controls rather than in patients (Fig 6B and  6E ). This result suggests that knee flexion in healthy individuals was highly relied on the BF activation, while without the association between the BF and AR may indicate pathological changes of post-stroke gait.
By regression analysis this study further examined the relationship between the magnitude and frequency parameters of multiple muscles and knee flexion in post-stroke gait (Table 2) . Although a few studies have established associations between lower-limb muscles' coordination patterns and knee joint kinematics for healthy individuals [26, 27] , less is known about how the stroke interferes with these associations during the stance-to-swing phases of the gait cycle. The changes in muscles' activation patterns and muscle coordination during walking has been considered to give rise to the decreased knee angles [5] . The current study showed that, for both the non-paretic group and the controls, the RMS and MNF of all muscles, including the RF, BF and GS, were selected as predictive variables to the AR of knee flexion. For the paretic limb, however, only the RMS of BF and the MNF of BF and GS, were selected as variables in prediction of knee flexion during gait. This finding suggested that the knee flexion in post-stroke gait was dependent on fewer muscles' activations, which is consistent with the previous finding that reduced muscle co-contraction on the paretic side would appear in hemiplegia gait [28] . It is noteworthy that the parameters of BF have selected as variables in the equations of paretic, non-paretic and control groups, implying the functioning of BF would be equally important for both the post-stroke and normal gait. This could also interpret why no significant difference was found in BF parameters across the three groups (Fig 5) . Moreover, the regressive equations for the paretic group, the non-paretic group and the controls have different coefficients and constants, and the selected magnitude and frequency variables could explain 82.1% to 45.2% of variations of the knee flexion. Compared to the stroke patients, the knee flexion in healthy subjects did not rely on any specific muscles and thus exhibited weak association with the muscular parameters. By contrast, on the paretic side, fewer muscles were responsible for variations of knee flexion. These results imply that the inconsistent muscle coordination may be a contributor to the different AR of knee flexion among the three groups, which enriched our knowledge about the effects of stroke on the lower-limb neuromuscular control for knee flexion, and may facilitate the clinical evaluation and treatment of the poststroke gait.
This study investigated the relationship between the knee flexion and the muscle activations including both the magnitude and frequency parameters of the sEMG in lower limbs during the stance-to-swing phases of a gait cycle. The stiff knee on paretic side of hemiplegia patient was related to the altered magnitude and frequency characteristics of the BF and GS, as well as the simplified muscle coordination. This study has some limitations. First, the RF, BF and GS were selected as representative muscles because of their roles in knee flexion and their locations that can be easily accessed when positioning the sEMG electrodes. It would be of interest how the other muscles surrounding knee, such as the vastus medialis or semitendinosus, contribute to the stiff knee of post-stroke gait. Second, this study applied simple and effective algorithms to analyze the signal and find out the pathological biomarkers of muscle contractions after stroke. To achieve more characteristics underlying the non-stationary sEMG signals, more powerful time and frequency analytical tools, such as the wavelet or empirical mode decomposition analyses are worthy to be applied. Third, the parameters entered in the regression analysis were not substantial. To select more effective parameters and to establish more suitable empirical equations, a larger number of parameters should be identified and enter the regression analysis.
Conclusions
Stroke led to decreased knee flexion for both the paretic and non-paretic limbs and impaired the magnitude and frequency characteristics of GS and RF activation in gait performance. The knee flexion of paretic limb relied on fewer muscles, suggesting that the simplified muscle coordination would be a contributor to the compromised knee flexion in post-stroke gait. This study has implications for rehabilitation of stiff-knee gait in post-stroke hemiparesis patients. Resources: Ke Li, Shouwei Yue, Cuiping Yin, Na Wei.
Supporting information

